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Variations within lineages based various selection processes reveal fundamental
mechanisms that generate and maintain biodiversity (McArthur and Wilson, 1963; 1967).
Resulting patterns may lead to insights regarding the nature of speciation, the temporal and
spatial occurrence of barriers to gene flow and the appropriate partitioning of diversity into
taxonomic units (Esseltyn and Brown, 2009). A good example is island species diversity
which is a product of accumulation through time by inter-island and intra-island speciation
brought by different selective forces such as habitat change and predation pressure.
Land mollusks (snails and slugs) represent one of the successful animal invasions of the
terrestrial environment. Currently, 24,000 species are fully described, while an estimated
11,000 to 40,000 species are still unknown to science (Lydeard et al., 2004). Land snails
constitute four-fifths of the members of Order Stylommatophora, Subclass Pulmonata, Class
Gastropoda, and have been widespread almost throughout all continents (Scott, 1997) and
oceanic islands (Vagvolgyi, 1975; Cowie, 1995). They particularly prefer damp and
vegetation-rich environments of the tropics- the region where their species radiation pinnacle
is reached. Tropical rainforests are centers of land snail speciation in the world (Solem, 1984)
as supported by high malacofaunal diversity of Kenya (Tattersfield, 1996) and Borneo
(Schilthuizen and Rutjes, 2001). A large numbers of small, narrow-range endemics are
continuously discovered in these rapidly deforested areas of the tropics (Emberton et al.,
1997).
Land snails have served as excellent models for studies on evolution, and have proven
particularly useful in the correlation between ecology and evolutionary change (Alonso and
Ibañez, 1985; Schilthuizen, 1994; Davidson, 2002). Their low dispersal rate or vagility also
makes them suitable indicators for biogeographical researches on early tectonic events
(Solem, 1981). Despite their extensive distribution and anthropogenic value, non-marine
mollusks in general are unfortunately becoming one of the most endangered group of
animals. As of the year 2003, a total of 1,222 terrestrial mollusk species were included in the
2002 International Union for the Conservation of Nature and Natural Resources (IUCN)
(currently known as the World Conservation Union) Red List of Threatened Species. This is
nearly half the number of all known amphibian species, more than twice the number of shark
and  ray  species,  and  seven  times  the  number  of  turtle  species.  In  contrast,  only  41  marine
mollusks species are on the IUCN Red List, despite their greater overall diversity (>120,000
species) (Lydeard et al., 2004).
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The Philippines is a tropical archipelago considered as one of the 17 megadiverse
countries, which hold 70-80% of global biodiversity (Mittermeier et al., 1997, Oliver and
Heaney, 1997). It contains 31% (22,000 out of 70,000 species) of all mollusks described
worldwide with 2-4% endemism, but most of them are marine species (Vallejo, 2002). This
reflects the poor taxonomic knowledge of terrestrial mollusks, more so their conservation
status, even though rainforests are known to be laboratories for the speciation of many
ground dwelling and arboreal land snails (Schilthuizen and Rutjes, 2001; Sutcharit and Panha,
2006). Moreover, given the unique geological and climatic events that formed the
Philippines, however, no study has yet examined the adaptive strategy of it native
invertebrates, particularly land snails, to the various evolutionary (e.g. predation) and
anthropogenic (e.g. environmental degradation) forces that shape the diversity and resiliency
of this particular group of animals. Thus, this research was designed to examine the
ecomorphological plasticity of land snails against anthropogenic disturbance and predation
pressure.
This thesis will examine in four chapters the morphological, behavioral, genetic and
ecological responses of some Philippine land snails to various anthropogenic and predation-
induced selection processes. In Chapter 2, the land snail community structure in Mount
Makiling, Luzon Island, a tropical mountain ecosystem, will be evaluated based on the four-
year field data. Specifically, the ecological perturbations in both native and introduced land
snail species against anthropogenic-induced disturbance will be assessed. In Chapter 3, I will
describe the land snail, Helicostyla amagaensis, which was discovered in the Patnanungan
Island of the Polillo Archipelago, Philippines. Using the classic morphological (shell and
genitalia characterization) techniques and modern molecular assays such as DNA barcoding
using COI gene, the phylogenetic position of this new species will also be presented.
Preliminary assessment showing this new land snail species is in a very critical condition due
to restricted distribution among the disturbed and fragmented forest habitat will be discussed.
In Chapter 4, the morphological and ecological plasticity of the endemic land snail,
Helicostyla portei, against its molluscivorous varanid predator, Varanus olivaceus, will be
determined. The focus of this chapter will be on the detection of shell shape change in H.
portei by using geometric morphometrics. The testing the environmental factors that might
affect such shell shape and habitat-preference shifts using generalized linear mixed modelling
is discussed. The phylogenetic basis for a possible speciation and haplotype diversification,
using three molecular markers (ITS2, 16S rRNA and COI genes), among the H. portei
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population among the Polillo Group of Islands will also be investigated. Finally in Chapter 5,
the color and banding pattern divergence of the shell of H. portei as a counter response to its
varanid lizard predator will be examined. Furthermore, the morphological and behavioral




Land Snail Community Structure Across the Forest Disturbance
Gradient in Mount Makiling, Philippines
ABSTRACT
The Philippines supports many endemic land snails which are threatened by habitat
destruction and exotic species invasion. To address this, we determined how anthropogenic-
induced disturbance affect the community structure of native and invasive land snails.
Quadrat sampling was conducted for four years across a forest disturbance gradient (old-
growth, secondary, plantation forests and former slash and burn sites) on Mount Makiling,
Luzon Island. Biotic and abiotic environmental variables that could influence snail
population were also measured. Disturbance score was computed for each species while
generalized linear mixed-effect modelling (GLMM) was performed to select the best
predictor of species richness and abundance. Native pulmonates and prosobranchs have
lower disturbance scores compared to the invasive snails. In old-growth forests, only native
pulmonates and prosobranchs were present. Diversity was highest in secondary forests
having species representing various ecological successional stages. In plantation and former
slash and burn sites, tolerant native pulmonates and invasive species thrive while native
prosobranchs were absent. GLMM revealed that forest disturbance was the main factor in
predicting land snail species richness while abundance was influenced by multiple variables.
The present findings demonstrated the potential of land snails as possible alternative models
to vertebrates for efficient and non-intrusive assessment of habitat quality.
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INTRODUCTION
Land snails are one of the most important groups of invertebrates in terrestrial
ecosystems. These animals are an important food source for various organisms (Pakarinen
1994; Adyeye & Afolabi 2004), and contribute in soil production, nutrient cycling and
calcium concentration (Tatterstfield et al. 1998). Despite providing many ecological services,
land snails are also one of the most threatened and vulnerable fauna constituting about 38%
of all documented extinctions since AD 1500 (Lydeard et al. 2004). Majority of the regional
and endemic species are dwelling in either remote oceanic islands or rainforests (Schilthuizen
& Rutjes 2001; Cowie & Robinson 2003; Clements et al. 2006; Oke & Chokor 2010) which
are rapidly deteriorating due to natural and anthropogenic causes (Sodhi et al. 2010). This
predicament is further aggravated by the absence or paucity of malacological researches in
these areas. Interestingly, land snails, having a lower dispersion potential, finer-scale
distribution and greater species richness, are reported to be more realistic surrogate organisms
(along with insects) compared to vertebrates for evaluating the true habitat condition and in
establishing conservation priority sites (Moritz et al. 2001). Many land snail species, e.g.
Mandarina sp. (Davison & Chiba 2008), Partula sp. (Murray et al. 1993) and the
diplommatinids (Schilthuizen et al. 2005), have already been demonstrated as good indicators
of environmental history and quality. Thus, understanding the ecological patterns of these
animals is therefore essential towards effective conservation planning and management that
would benefit other organisms in the process.
In the Philippines, land snails exhibit high degree of endemicity, possibly reaching more
than 90%, as a result of the archipelago’s unique geological and climatic history (Cooke
1892; Heaney 1986; Vallejo 2001). The most species-rich, with more than 250 described, are
members of subfamily Helicostylinae which are mainly arboreal snails (Faustino 1930;
Springsteen & Leobrera 1986). Other land snail family with high diversity includes
Camaenidae, Helicarionidae, Macrochlamydinae and Cyclophoridae (Hemmen et al. 1987).
Despite of the available data on their taxonomy, there is still very deficient information on
many native species amidst escalating destruction of forests (Posa et al. 2008), introduction
of invasive species (Muniappan et al. 1986), and poaching for conchological trades and
excessive human consumption (Scheffers et al. 2012). Moreover, no comprehensive program
is yet in place to protect this group of invertebrates unlike their marine counterpart (Floren
2003).
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An ideal location to examine the anthropogenic-induced disturbance on land snail
community is Mount Makiling (1,115 meters above sea level), a well-known biodiversity
conservation priority site established by the Philippine government (Mallari et al. 2001) and
was recently named as one of the Association of Southeast Asian Nations’ (ASEAN) heritage
parks (ASEAN Centre for Biodiversity 2014). It has a total area covering 4,244 ha along the
southern shore of Laguna Lake, and has a designated forest reserve from 100 masl to the
summit. Mt. Makiling functions as the main watershed for surrounding communities of
Laguna and Batangas, a popular ecotourism site, and a refugia of rich biodiversity (2,638
plant and 375 vertebrate species already identified) (Pancho 1983; Cruz et al. 1991).
Unfortunately, Mt. Makiling is threatened by encroaching human settlements and agricultural
croplands, dotted logging and slash and burn farming resulting into forest fragmentation with
varying degree of disturbance that could potentially compromise the long-term viability of
the its ecological services. As to how these habitat destruction and alterations could affect
biodiversity patterns, specifically for land snails, is still not clear and not thoroughly
understood. A preliminary study of de Chavez and de Lara (2011) suggested that habitat
disturbance could have significant role in shaping the distribution of Mt. Makiling land snail.
However, this hypothesis was not fully tested and evaluated. Therefore this study was
conducted as a follow-up in order to determine the effect of different forest disturbance on




Mount Makiling (14°08’N & 121°12’E) is a dormant stratovolcano which is part of the
Macolod  Corridor  around  65  km  southeast  of  Manila  (Forster  et  al.  1990).  It  has  a  stable
tropical climate (Type I) with an annual rainfall of 220-230 cm and a monthly average of 20-
40 cm. Temperature ranges from 27-30°C (Pancho 1983; Cruz et al. 1991). Being a national
park, Mt. Makiling has large intact dipterocarp forests, dominated by Parashorea
malaanonan, Shorea guiso and Shorea contorta, with its three peaks having mossy forest at
1,115 masl (Luna et al. 1999).
Forests with different degrees of anthropogenic disturbance (old-growth, secondary,
plantation and former slash and burn sites), based on modified parameter used by Rickart et
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al. (2011), were selected along the slopes of Mt. Makiling in a 4-year survey (2007 and 2009-
2011) (Figure 2-1). For the old-growth forests (least disturbed), Puting Lupa Upper and
Lower were identified being the most pristine regions of Mt. Makiling. These areas, having
very large trees and many dead wood debris on the forest floor, is relatively inaccessible to
mountaineers, informal settlers, loggers and hunters (Table 2-1). For the secondary forest
(moderately disturbed), Flatrocks and Mudspring, popular ecotourism spots, with post-
extraction forests, marked with few dipterocarp species which have been regenerating for
more than 60 years after selective logging (Luna et al. 1999), were chosen. For the plantation
(very  disturbed),  two  areas  with  Mahogany  forest  (Switenia macrophylla) were selected.
Lastly, the former slash and burn sites with dotted logging (most disturbed) were represented
by Makban Upper and Lower.
Sampling Protocol
Sampling for macro land snail  (> 5 mm) was conducted using the method of de Chavez
and de Lara (2011). On each accessible sampling site, at least three 20x20 m (400 m2)
quadrats were set at least 10 meters apart. Overall, a total of 48 quadrats were utilized. The
major limitation of this study was the exclusive sampling for macro land snails.  We did not
perform the survey technique for collecting micro-snails (< 5 mm) which involves drying and
sieving forest litter and soil as to prevent unnecessary damage to other protected organisms
(e.g. isopods, insects, annelids, etc.) living within the litter of the national and heritage park.
Environmental variables known to affect land snails were measured before the actual
sampling on the same period. Geographic coordinates and elevation were determined using
Garmin 12 hand-held Global Positioning System (Garmin International, Inc., Olathe, Kansas,
USA). Air temperature was measured by suspending a thermometer at least 5 meters above
ground. Trees with diameter at breast height (dbh) greater than 0.2 m were counted after
measurements. Canopy cover was estimated using a spherical densiometer. Leaf litter depth
was measured within five points inside the quadrat by allowing a ruler to penetrate through
the forest floor. Soil pH was measured in the laboratory from approximately 5g top soil
collected from five random points within the quadrat.
Live land snails and empty shells (with still intact periostracum) were hand-searched
extensively with a two-hour sampling effort focusing on their preferred microhabitats such as
tree buttresses, rotting logs, under side of palm and epiphyte leaves. Both live snails and
empty shells were pooled together to capture the overall diversity and increase the statistical
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power of the data (Cameron & Pokryszko 2004; Raheem et al. 2008). Sampling was
conducted between 0600-0900h and/or 1600-1800h, when land snails are active and more
conspicuous. All live individuals were returned to their original habitats after sampling after
representative snails were photographed. Individuals were identified to the species level using
published literatures by Springsteen and Leobrera (1986); Hemmen et al. (1987) and
compared to museum specimens deposited at the University of the Philippines Los Baños
Museum of Natural History. Unidentified specimens were designated as morphospecies.
Data Analyses
Sampling efficiency for all the sites was evaluated using the completeness ratio
(estimated number of species/observed number of species) derived from sampled-based
species accumulation curves (Clements et al. 2008). Extrapolated scores obtained were used
to estimate species richness using the incidence-based coverage estimator (SICE)  while  the
observed number of species (SOBS) was based on the rarefied Mau Tao which assumes
sampling without replacement in order to include all samples during the randomization
process. The shape of the SOBS can reflect ecological continuum such as dispersal modes and
richness partitioning (Dove & Cribb 2006). All estimates were computed using Estimates ver.
8 (Colwell 2006).
The disturbance score (S) for each species (i) was computed using the formula by Rickart
et al. (2011):
where nj is the number of collected species at jth locality, Rj is  the  disturbance  rank  of  the
sampling sites (1-old-growth forest; 2-secondary forest; 3- plantation forest; 4- former slash
and burn sites) and Ni represents the total number of collected individuals across all sites k. S
can have a value of 1 (least disturbed) to 4 (highly disturbed).
Information-theoretic technique through model averaging (Grueber et al. 2011) was
conducted to measure the influence of forest disturbance together with other environmental
variables on the species richness and abundance of land snails. All variables examined exhibit
low levels of collinearity except for soil pH and precipitation (r = -0.500, p < 0.01), thus only
the former, a function of calcium availability, was retained relative to its more importance to





land snail survival (Ondina et al. 1998). We used generalized linear mixed-effect models
(GLMM) to the data using R Package (R Development Core Team, Vienna, Austria). In
defining model parameters, the number of species and abundance were coded as response
variables while forest disturbance, elevation, canopy cover, number of trees, tree diameter,
and temperature were identified as fixed effects. Year was treated as the random variable.
Each model was assigned a Poisson error distribution and a log link function (Burnham &
Anderson 2002).
We  first  fitted  a  global  GLMM  using  lmer  function  in  the lme4 package (Bates &
Maechler 2009). After the global model was defined, we standardized the input variables
using the arm package (Gelman et al. 2009). This generated a summary of variable estimates
with their standard error (extreme values suggest poor model convergence) and relative
importance  (a  value  of  1.0  being  the  most  significant).  All  residual  data  generated  did  not
show evidence of overdispersion. To extract a submodel from the global model, a dredge
function was implemented in the MuMln package (Barton 2009). In the final model averaging
step, Akaike’s information criterion corrected for small sample size (AICc) was used to assess
model support, ranking each set using AICc (Burnham & Anderson 2002). The most
parsimonious model was indicated by the biggest AICc weight. The values were obtained by
extracting the top 2AICc using the function get.models in the MuMln package.
To detect whether native and invasive land snails differ within and among the sampling
sites, species richness and abundance were subjected to one-way analysis of variance
(ANOVA)  with  post  hoc  Tukey  HSD.  Abundance  data  were  log-transformed  prior  to
statistical analysis to achieve normality and homogeneity of variance. Statistical Package for
Social  Sciences (SPSS) for Windows (ver 11.50.0,  SPSS, Chicago, Illinois,  USA) was used
for all parametric statistical analyses.
RESULTS
A total of 1,963 land snails (live and empty shells) belonging to 19 species and five
families- Achatinidae (1), Bradybaenidae (9), Camaenidae (1), Cyclophoridae (4) and
Helicarionidae (4) were sampled after the 4-year survey (Table 2-2). Ryssota otaheitana was
the most abundant species which constituted 28.42%. This species together with Helicostyla
rufogaster were collected in all habitats surveyed. Sample-based species accumulation curves
showed very close convergence and high completeness ratio of 0.90 (Figure 2-2). The SICE
curve estimated 21 species, two species more against the actual collection, and seven species
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more from the previously reported (de Chavez and de Lara 2011). The SOBS curve  also
exhibited a gentle slope with late asymptote pattern across the surveyed sites.
The total mean species richness (F=13.86, p<0.001) and abundance (F=7.46, p<0.001)
differed significantly across disturbance gradient. The most diverse sites were found in the
secondary forest (H’=2.02), followed by those in the plantation forest (H’=1.46), old-growth
forest (H’=1.40) and former slash and burn sites (H’=1.22). Species evenness was highest in
the  former  slash  and  burn  sites  (J’=0.84)  while  least  in  the  old-growth  forest  (J’=0.41).
Seasonal variation, i.e. dry versus wet season, in species richness and abundance revealed no
significant difference (ER de Chavez, unpublished report).
Majority (63%) of the disturbance scores fall in the intermediate disturbance condition
(1.0 < S < 3.0) represented by those found in the secondary forests. This constitutes 100% of
the native prosobranchs and 50% of the native pulmonates. The highest disturbance scores
were found among invasive species, Bradybaena similaris (S=3.55) and Achatina fulica
(S=2.61) while the lowest were computed for H. bicolarata and H. ovoidea (both S=1.0)
which exclusively found in the old-growth forests.
After running the GLMM in a global model, the standardized parameter estimates
revealed that forest disturbance is the most significant predictor in determining the species
richness (E = -1.5395, p<0.00001) of land snails in Mt. Makiling (Table 2-3). In general, the
estimate values showed inverse relationship between the response variables and the
disturbance gradient, i.e. more species and more numerous individuals will be expected in the
least to the immediately disturbed forests. Other important variables that can determine
greater species diversity were canopy cover (E= 0.3256, p<0.001) and elevation (E=-0.2939,
p<0.001). In case of abundance, additional factors were also influential such as tree diameter
(E=03922, p<0.00001) elevation (E= -0.3278, p<0.0001) and canopy cover (E=0.2069,
p<0.0001). Moreover, since the parameter estimate values were relatively close to each other,
model averaging was implemented to generate sub-models to explain more clearly the above
response variables by considering the top 2 AICc.  For  species  richness,  the  combination  of
forest disturbance, canopy cover and elevation was the most parsimonious model
AICc=0.00, wAICc=0.30). However, for the abundance, it revealed that all variables
considered were vital in supporting bigger population of land snails ( AICc=0.00,
wAICc=0.38).
The diversity and abundance of native pulmonates (F=14.46, p<0.001 and F=10.00,
p<0.001), prosobranchs (F=11.56, p<0.001 and F=6.88, p<0.01) and invasive species
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(F=10.12, p<0.001 and F=3.65, p<0.05) showed significant differences across habitat
disturbance gradients (Figure 2-3). There were more native pulmonates compared to native
prosobranchs and invasive species in all sites. Native pulmonates were most speciose in
secondary and old-growth forests, but fewer in plantation forests and in former slash and burn
sites. Native prosobranchs were most diverse in secondary forests and least diverse group in
plantations and were absent in former slash and burn sites. Invasive snail species were absent
in the old-growth forests. Similar trend was observed in their abundance, wherein, native
pulmonates and prosobranchs, and the invasive species were all numerous in the secondary
forests.
DISCUSSION
The high completeness ratio (0.90) and horizontal asymptotic convergence of SOBS curve
towards the SICE implied efficient macro land snail  sampling after the 4-year survey (Figure
2-2). However, the absence of slugs, semi-slugs and micro-snails from the samples showed
that the molluscan biodiversity was still not yet completely captured. Adding more quadrats
(> 50) and utilizing more sampling techniques to future surveys could facilitate complete
curve convergence. The SOBS curve also revealed a ß-dominated assemblage suggesting
species richness was dictated by turnover across the habitat disturbance gradient, meaning
diversity was relatively spread and not concentrated in few small areas. This was further
demonstrated in the close evenness values (excluding the value computed for the former slash
and burn sites) between areas.
Species richness and abundance varied significantly across the forest disturbance gradient
which has selectively favored different groups of land snail. In the old-growth forest, only
native pulmonates and prosobranchs were found. This could be attributed to the forest having
reached its climax stage wherein native species were more diverse and ecologically
specialized. Competitive exclusion (Race 1982; Wilson 1994; Chesson & Huntly 1997) could
also be occurring as indicated by the absence of invasive land snails which have yet to
colonize, get established, and compete against native species on this type of forest. Under low
frequency disturbance, species considered as better competitors but poor in dispersal (native
snails) persist whereas in high disturbance, the good dispersers (invasive snails), dominate
(Roxburgh et al. 2004).
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Diversity was highest in the secondary forests. The history of selective logging and
presence of regular ecotourism activities possibly functioned as intermediate disturbance
(Conell 1978; Wilkinson 1999) resulting in patched forests of various successional stages
which was reflected by the combination of pioneer (invasive snails), intermediate (exclusive
terrestrial helicarionids) and climax (helicostylines and cyclophorids) land snail species. This
tolerance to intermediate disturbance and resistance to disruption of invasive species, a
feature of an ecologically complex fauna adapted to varying degree of disturbance, was also
reported among the small mammals (Rickart 1993; Rickart et al. 2011). Alternatively, the
mixing of species originating from the upper and lower elevation forming a possible
ecological sink or transitional zone, could also explain the high diversity. The immigration
towards the mid-elevation was more common than further dispersal  to lower strata and vice
versa where microclimatic conditions could fluctuate considerably. This is critical for land
snails which are restricted by species-specific tolerance limits (Ridle 1983, Hoekstra &
Schilthuizen 2011). However, since there was a wide altitudinal distribution range of almost
70% of the species, such assumption is not completely conclusive and needs further
investigation. Furthermore, Mt. Makiling is a relatively low mountain where altitudinal
ecotones are not discretely partitioned compared to other taller tropical mountains (e.g. Mt.
Kinabalu- 4,095 masl) where biomes shift more dramatically (Liew et al. 2009).
The sensitivity of land snails to habitat modification and destruction was very apparent in
the plantation forest and former slash and burn areas, further seen in the higher disturbance
scores of invasive species compared to the natives. In mahogany plantation, the absence of
the indigenous dipterocarp trees could have reduced the population of helicostylines and
cyclophorids which contributed to lower malacofaunal diversity, although some terrestrial
pulmonates (e.g. R. otaheitana) and invasive species (e.g. Achatina fulica) continue to thrive.
Helicostyline snails, in particular, are known to be exclusively arboreal and have evolved
intimately with the native trees as a source of food and as nests for their  eggs (Stalen 1917,
Auffenberg & Auffenberg 1984), thus removal of their natural habitat could be very
detrimental to their restricted population. Tattersfield et al. (2001) also reported that land
snails were present in both indigenous rainforests and plantations, however, many native
species were significantly more abundant in rainforests.  In former slash and burn sites, the
clearing of old-growth forests resulted to the eradication of food source and habitat of the
snails. It also exposed canopies for direct sunlight penetration into the forest floor resulting in
increased ground temperature which could have led to rapid drying and erosion of the top
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soil- within it, minerals such as Ca, a very vital component for the snails’ shell formation and
egg production (Fournie & Chetail 1984). It has been documented that the soil in MakBan
had the lowest exchangeable Ca [7.57 (cmol (+)/kg soil] in Mt. Makiling (de Chavez 2008).
Prosobranchs,  known  to  be  more  calcicolous,  and  require  constant  moisture  for  their  gills,
cannot survive under this condition. Pulmonates, however, have evolved mantle lungs suited
for aerial respiration, and can produce an epiphragm that is more resistant to dessication
(Schilthuizen et al. 2005). Although recently, the plantation of mahogany and other
indigenous trees have gradually replaced the original forest cover enabling the re-
colonization of few tolerant native pulmonates and invasive species. Studies of the
surrounding refugia should be initiated to assess the success in the full restoration of local
malacofaunal diversity.
Forest disturbance was significantly the most important factor in predicting land snail
species richness in Mt. Makiling. The best model obtained was the combination of forest
disturbance, canopy cover and elevation. However, this was not observed in the abundance of
the snails. It would seem that forest disturbance can function as a strong selective force in
influencing diversity while abundance is a more complex phenomenon affected by multiple
natural and anthropogenic factors. It was observed that in areas, specifically in plantation and
former slash and burn sites, where population of native and sensitive snails decline, there was
an increase in the number of more tolerant and invasive snails provided that the site can
provide their minimum requirements for survival. Although repeated disturbances could
create further population fragmentation restricting gene flow causing an eventual localized
extinction (Hylander et al. 2005). There was also evidence of an inverse relationship between
disturbance and elevation linked to how disturbance affected forest type. Typically, forests in
lower region are more accessible, thus are more vulnerable to anthropogenic-induced
disturbance and alterations compared to forests in the upper elevation where original
conditions can be maintained (McCoy 1990; Heaney & Regalado 1998).
Due to site proximity and ubiquity of tree species, the biotic and abiotic variables were
relatively homogenized, and could make the strong association between forest disturbance
and land snail community structure more apparent. The present data also showed a clearer
picture on certain microhabitat preferences of many species. Majority of the native
pulmonates and prosobranchs clustered along old-growth and secondary forests,
characterized by big tree trunks and extensive canopy cover. Such environment could be
beneficial for both groups since bigger trees with wider branches provide larger space for
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many arboreal snails to occupy and forage, while generating cooler microclimate for the
moisture-dependent cyclophorids. Invasive species such as were more associated with highly
disturbed and plantation forests, with A. fulica already started getting established in the
secondary forests.
CONCLUSIONS AND RECOMMENDATIONS
The present study revealed that the community structure of land snails in Mt. Makiling is
primarily affected by historic forest disturbance. The concentration of land snail species
towards a particular habitat condition also demonstrated a possible Clementsian pattern in
shaping ecological succession along the disturbance gradient (Willig et al. 2011). The
stochastic response in species richness in relation to variables, and the large proportion of
rare species with few common species reflected the complex system occurring in a tropical
forest ecosystem. However, we acknowledge that most of the ecological interpretations
presented here were biased towards macro land snails and the need to include micro-snails is
very necessary for a more conclusive study. Similar surveys must also be conducted
elsewhere in the Philippines to test if the above findings apply for all native land snail
species. Furthermore, the preservation of indigenous forests must be implemented to serve as
corridors for the re-colonization of native malacofauna towards regenerating forests. Finally,
this research strengthened the potential of using land snails as possible alternative models to
vertebrates in efficient and non-intrusive assessment of habitat quality.
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     Figure 2-1. Map showing the sites where land snails were sampled on Mount Makiling.
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Table 2.1. Forest disturbance gradient with the corresponding sampling sites in Mt. Makiling.
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Figure 2-2. Sample-based species accumulation curve showing observed (SOBS) and
estimated (SICE) species of land snails in among the different forest disturbance gradient in
Mt. Makiling. High completeness ratio (CR) and close convergence between SOBS and SICE
curves indicate high sampling saturation.
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Table 2-2. Land snail species sampled across the forest disturbance gradient in Mt. Makiling.
Land snail family & species Status
                Forest condition
OF  SF PF FSB  Total S
Achatinidae
Achatina fulica Bowdich 1842 is 145 23 58 226 2.61
Cyclophoridae
Cyclophorus appendiculatus Pfeiffer
1886 npr 17 457 39 513 2.04
Cyclophorus mp2 npr 14 14 2.00
Cyclophorus mp3 npr 5 5 2.00
Cyclophorus mp4 npr 6 6 2.00
Bradybaenidae
Helicostyla bicolorata Lea 1840 npl 1 1 1.00
Helicostyla carinata rugata Lea 1840 npl 5 9 2 16 1.81
Helicostyla ovoidea Bruguiere 1792 npl 3 3 1.00
Helicostyla mirabilis Ferussac 1820 npl 1 40 41 1.97
Helicostyla roissyana Ferussac 1840 npl 1 1 2 2.50
Helicostyla rufogaster Lesson 1891 npl 22 162 34 9 227 2.13
Calocochlia chrysochiela Sowersby 1841 npl 3 100 3 106 2.00
Chloraea dryope Broderip 1841 npl 67 1 68 2.01
Bradybaena similaris Ferussac 1821 is 7 24 31 3.55
Helicarionidae
Ryssota otaheitana Ferussac 1821 npl 101 326 96 35 558 2.11
Hemiglypta sp. npl 41 41 2.00
Hemiglypta mp2 npl 7 7 2.00
Hemitrichiella sp. npl 5 40 45 1.88
Camaenidae
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is - invasive species                      S- Disturbance score of  the species
npr -native prosobranch               mp- morphospecies
npl- native pulmonate
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Table 2-3. Generalized linear mixed models testing each environmental variables on the species
richness and abundance of land snails across the forest disturbance gradient in Mt. Makiling.
Parameter Estimate* SE P Relative importance
Species richness
Intercept 1.0294 0.1961 <0.00001
Canopy cover 0.3256 0.1609 <0.001 0.84
Elevation -0.2939 0.1419 <0.001 0.74
Forest disturbance -1.5395 0.1300 <0.00001 1.00
Tree diameter 0.2269 0.1489 0.1275 0.33
Temperature 0.2986 0.2067 0.1486 0.24
Abundance
Intercept 1.3969 0.0941 <0.00001
Canopy cover 0.2069 0.0746 <0.0001 1.00
Elevation -0.3278 0.0589 <0.00001 1.00
Forest disturbance -1.5617 0.2950 <0.00001 1.00
Tree diameter 0.3922 0.0745 <0.00001 1.00
Temperature 0.1820 0.0898 <0.001 0.64
Number of trees -0.4405 0.0802 <0.00001 1.00
Soil pH -0.34472 0.1900 0.06963 0.55
*Effect sizes has been standardized on two SD following Gelman (2008)
Table 2-4. Summary statistics of model averaging for species richness and abundance of land snail
across the forest disturbance gradient in Mt. Makiling (n = 48). Models are ranked based on Akaike’s
information criterion corrected for small sample size (AICc) where AICc weights (wAICc) < 0.10 are
excluded. Predictor variables: CC (canopy cover), EL (elevation), FD (forest disturbance), NT (number
of trees), SP (soil pH), TD (tree diameter) & TP (temperature).
Model component k* AICc AICc wAICc
Species richness
FD,CC,EL 5 215.28 0.00 0.30
FD,CC,TD,EL 6 216.33 1.05 0.17
FD,TD,EL 5 216.49 1.21 0.16
FD,CC 4 216.85 1.57 0.13
FD,CC,TP 5 216.89 1.61 0.13
FD,CC,EL,TP 6 217.16 1.88 0.11
Abundance
FD,CC,TD,EL,TP,SP,NT 9 781.62 0.00 0.38
FD,CC,TD,EL,SP,NT 8 782.43 0.81 0.25
FD,CC,TD,EL,NT 7 782.92 1.30 0.20
FD,CC,TD,EL,TP,NT 8 783.33 1.71 0.16
*k- number of parameters
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Figure 2-3. Species richness (A) and abundance (B) of land snails among forest disturbance gradient in Mt. Makiling. Different
consecutive letter above standard error bars indicate significant difference at p < 0.05. OF-old-growth forest; SF-secondary forest;





A New Helicostyla species (Bradybaenidae: Helicostylinae)
from Patnanungan Island, Philippines
ABSTRACT
A new species of land snail belonging to Subfamily Helicostylinae, Family Bradybaenidae is
described from a native dipterocarp forest in Patnanungan Island, Polillo Group of Islands, the
Philippines. Helicostyla amagaensis new species differs from other congeners by its ovate-
globose, cream white color shell with single chestnut brown band. Aperture is ovate and
moderately oblique with reddish-brown streak around the aperture outer lip. Penis long with
inner oblique striations terminating towards a leaf-like stimulator. Vas deferens is short and
flagellum is absent. DNA barcoding technique using cytochrome c oxidase I subunit (COI)
revealed H. amagaensis has closest sequence affinity with Helicostyla woodiana. Neighbor
joining and maximum parsimony trees showed 100% bootstrap support for the inclusion of
this new species as a member of the genus Helicostyla. This is the latest Helicostyla




Members  of  Subfamily  Helicostylinae  of  the  Family  Bradybaenidae  are  the  most
widespread species of land snails in the Philippine Archipelago, with some representatives
also found in Indonesia (e.g. Chloraea puella Broderip, 1841 and Calocochlia pyrostoma
Ferussac, 1821) and in Taiwan (e.g. Helicostyla okudai Kuroda, 1961). The restricted
biogeographic distribution and evolutionary radiation of Helicostylinae is comparable to the
Papuina of New Guinea (Abbot 1989), Amphidromus of Thailand (Laidlaw & Solem 1961;
Sutcharit & Panha 2006) and Acavus of Sri Lanka (Hausdorf & Perera 2000). This natural
group of arboreal mollusks exhibits vast range of shell forms from discoidal, globose,
fusiform to elongated. They usually have bright, colorful and banded shells covered with thin
transparent cuticle capable of producing hydrophanous effect when wet. Genital anatomy is
relatively uniform with flagellum absent or reduced in the male system while single, globular
or oval shaped mucus gland with simple stylet formed dart characterizes the female system
(Schileyko 2004). There are more than 250 species (identified primarily based on
conchological characters); however, the number of genera assignment varied among
malacologists. According to Semper (1874) and Tryon and Pilsbry (1891), there 18 genera
while Cooke (1882) designated 15 to this group, which was formerly named as
Cochlostylidae. In recent taxonomic literatures, Parkinson et al. (1987) classified
Helicostylinae into 10 genera while Schileyko (2004) expanded it to 23 genera.
Among the Subfamily Helicostylinae, the type genus Helicostyla Ferussac 1821 is the
most diverse, with at least 128 known species (Faustino 1930) and is present throughout all
major Philippine islands. The revised group is derived from the consolidation of several
genera such as Pachysphaera, Orustia, Cochlodryas, Opalliostyla and the original
Helicostyla (Tyron & Pilsbry 1891). It is differentiated from other members of Helicostylinae
by the presence of an ovate-globose to elongated shells with dome-like spire that lacks
hydrophanous periostracum and spiral striae (Schileyko 2004). The phylogenetic position of
Helicostyla is strongly supported within the Bradybaenidae (Wade et al. 2007) and the
Helicoidea (Wade et al. 2006). It was also hypothesized that this genus might be embedded in
the Australasian land snail clade (Hugall & Stanisic 2011).
However, despite of the available data on helicostyline taxonomy, there is still very dire
biological information on many endemic species amidst escalating destruction of forests
(Posa et al. 2008), introduction of invasive species (Muniappan et al. 1986), and poaching for
conchological trades and excessive human consumption (Scheffers et al. 2012). It has been
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reported that native helicostylines are intimately associated with intact and undisturbed
forests and can thus function as effective ecological indicators (de Chavez & de Lara 2011).
In this paper we described, based on conchological and anatomical characters, a possible new
species of Helicostyla from the Patnanungan Island (139.20 km2), which is part of the Polillo
Group of Islands (PGI) in the Quezon Province of the Philippines. This is also the first study
to utilize DNA barcoding technique, specifically using cytochrome c oxidase I subunit or
COI gene, to taxonomically describe a new species of Helicostyla. Currently, Helicostyla
portei (Pfeiffer, 1861) and Helicostyla polillensis (Pfeiffer, 1861) are the only confirmed
endemic helicostyline land snails found in the PGI. As far as we know, this is the latest
described Helicostyla species in the Philippines after almost 82 years, the last were
Helicostyla mateoi (Bartsch, 1932) and Helicostyla euconica (Bartsch, 1932), while the last
subspecies was Helicostyla florida saturata (Bartsch, 1946), all from the Mindoro Island.
MATERIALS AND METHODS
Morphological Studies
This study was based on three live specimens collected during the fieldwork on the
malacofaunal  diversity  project  by  the  main  author  last  May-June  2013  in  the  Patnanungan
Island, PGI, Quezon Province, Philippines (Figure 3-1). The two damaged empty shells, with
size similar to the live samples, found in the same location were excluded in the analysis. The
holotype (1) and paratype (2) samples were all  deposited in the Invertebrate Museum of the
Institute  of  Biology  in  the  University  of  the  Philippines  Diliman  (UPD  IM),  Quezon  City,
Philippines. Descriptions were based on morphological and genetic characters.
Morphological analyses employed shell measurements such as shell height (SH), shell width
(SW), spire height (SpH), body whorl height (BwH), aperture height (AH) and aperture width
(AW). Number of whorls was also determined. To characterize the features of the
reproductive system, the genitalia were also dissected using niku-nuki technique (Fukuda et
al. 2008).
 DNA barcoding
DNA  was  extracted  from  the  foot  muscle  of  each  snail  using  the  NaOH-lysis  method
(Fontanilla, 2010). The COI gene was amplified using the primers LCO 1490 (sequence: 5'-
GGTCAACAAATCATAAAGATATTGG-3') and HCO 2198 (sequence: 5'-
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TAAACTTCAGGGTGACCAAAAAATCA - 3') (Folmer et al., 1994) or StyHCO (sequence:
5’ –GAATTAAAATATATACTTCTGGGTG-3’) and StyLCOII (sequence: 5’–
ACGAATCATAAGGATATTGGTAC -3’) (Fontanilla 2010). Polymerase chain reaction
amplification conditions were as follows: initial denaturation of one cycle at 95°C for two
minutes; 43 cycles consisting of three temperature changes: 94°C for 30 seconds, 45°C for 30
seconds, and 65°C for five minutes; and final extension at 72°C for five minutes. PCR
products were visualized on a 1% agarose gel with EtBr under UV illumination and purified
using QIAGEN® QIAquick Gel Extraction Kit (USA) following the manufacturer’s protocol.
The purified PCR products were then sent to 1st BASE Pte. Ltd., Singapore for sequencing.
CO1 sequences were assembled using the Staden Package version 4.0 (Staden et al.
2000), after which the closest match for each individual was determined using the Basic
Local Alignment Search Tool (BLAST) (Altschul et al. 1990). The sequences, together with
those of Helicostyla and the outgroup taxa Eulota mighelsiana and Bradybaena similaris
available in GenBank, were aligned using ClustalW multiple alignment in BioEdit Sequence
Alignment Editor 7.0.9.0 (Hall 1999). Estimated evolutionary divergence (p-distance) was
computed as means of average uncorrected (UcD) and corrected, Kimura-2-parameter model
(K2P) of DNA substitution (Kimura 1980) from a total of 588 unambiguously aligned
nucleotides. A model-based neighbor joining (NJ) tree (Saitou & Nei 1987) based on K2P
distances and a non-model maximum parsimony tree (Eck & Dayhoff 1966; Fitch 1977), both
with 1000 bootstrap replicates, were constructed using PAUP* version 4.0b10 (Swofford
2002).
SYSTEMATICS
Family  Bradybaenidae  Pilsbry, 1924
Sub-family  Helicostylinae Inering, 1909
Genus Helicostyla Ferussac, 1821
Type species Helicostyla mirabilis Ferussac, 1821
Helicostyla amagaenis de Chavez 2014, new species (Figures 3-2 to 3-4)
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Materials Examined
Holotype  -  1  ex.  SH.  14.13  mm  x  SW.  10.  36  mm  (UPD  IM  Ha1),  under  a  broad-leaf
shrub, in a private forest patch in Barangay [= Village] Amaga, Patnanungan Island, Quezon
Province, Philippines (N 14°48.440'  E 122°09.316'), coll. E.R. de Chavez, 24 May 2013.
Paratype  1-  1  ex.  SH.  13.50  mm  x  SW.  9.72  mm  (UPD  IM  Ha2),  under  a  broad-leaf
shrub, in a private forest patch in Barangay Amaga, Patnanungan Island, Quezon Province,
Philippines (N 14°48.444'  E 122°09.271'), coll. E.R. de Chavez, 24 May 2013.
Paratype 2- 1 ex. SH. 14.08 mm x SW. 10. 04 mm (UPD IM Ha3), under a palm leaf, in a
private forest patch in Barangay Amaga, Patnanungan Island, Quezon Province, Philippines
(N 14°48.376'  E 122°09.293'), coll. E.R. de Chavez, 24 May 2013.
Diagnosis
Shell. All specimens examined appeared to be sub-adult based on the partial reflection of
the peristomial lip with less number of whorls, compared to the average four to five shell
whorls in the adult Helicostyla (Figure 3-2 A-D). However, no adult or adult-like live snails
or empty shells were found after 10 days of extensive search in various sites (Amaga,
Kilogan and Norte) in the Patnanungan Island. The shell was ovate-globose with dome-
shaped spire of about three whorls. Whorl expands regularly with body whorl rounded and
not keeled. Postembryonic whorls smooth.  Shell  has cream white color with single chestnut
brown band positioned below the suture extending faintly towards the columella.
Hydrophanous cuticle is absent. Aperture has ovate and moderately oblique with reddish-
brown streak along the aperture lip that is slightly reflected on the lower half section.
Umbilicus is imperforate.
Genitalia. Penis long with inner oblique striations terminating towards a leaf-like
stimulator surrounded by rounded boundary going to the epiphallus (Figure 3-3). Vas
deferens is short while flagellum is absent. Bursa copulatrix rounded with dark pigmentation
at its base while bursa tract is thick and relatively large. Both mucus gland and stylophore are
globular. Albumen gland large and elongated, spermoviduct finely convoluted connected
inferiorly to a dark and prominent prostate gland.
Etymology
The new species is named after Barangay Amaga, which is the type locality where all the
specimens were collected.  Amaga is one of the coastal villages in the Patnanungan Island
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with rice fields, coconut plantations and patches of native forests towards its interior.
Helicostyla amagaensis, discovered  specifically  in  a  small  strip  of  private  forest  owned  by
the village’s barangay captain, is the first species named after this place.
DISCUSSION
This possible new species is consistent with the diagnostic features for the genus
Helicostyla, i.e., having an ovate-globose shell and an absence of a hydrophanous
periostracum, with smooth postembryonic whorls. Conchologically, H. amagaensis is most
similar to the shell shape and banding pattern of H. hydrophana (Sowersby, 1840) from
Mindoro Island, Philippines. However, the former is twice smaller in shell size and has
broader band extending faintly around the outer peristomial lip outline. The later has straw-
yellow shell color covered with hydrophanous cuticle forming thin film of oblique shreds
(Tryon & Pilsbry 1891). The collumelar band along the umbilical region is more prominent
in H. hydrophana compared to H. amagaensis.
The COI sequence divergence showed no clear relationship between H. amagaensis with
other Helicostyla from the PGI and other islands based on geographic proximity (Table 3-2).
The mean UcD and K2P p-distances revealed that H. amagaensis was closest to H. woodiana
(Lea, 1840) (0.155 and 0.299, respectively), and generally, to other Helicostyla also occurring
in the PGI (0.147 and 0.278, respectively). In comparing with H. amagaensis, the Helicostyla
from the adjacent Luzon Island have greater mean p-distances (UcD = 0.160, K2P = 0.292)
than those species found in the farther Cebu Island (UcD = 0.132, K2P = 0.215). The
calculated p-distances were highest in Helicostyla smaragdina from Mindanao Island (UcD =
0.191, K2P = 0.393) and the outgroup bradybaenids (UcD = 0.227, K2P = 0.566). The
constructed NJ tree rooted on Eulota mighelsiana and Bradybaena similaris confirmed  the
phylogenetic position of the new land snail species marked by its clustering within the
Helicostyla taxa with 99% NJ and 100% MP bootstrap supports (Fig. 5). Specifically, H.
woodiana did not form a monophyletic group, with two individuals clustering with H.
amagaensis with  100% NJ and  MP bootstraps.  Both  these  taxa  were  differentiated  from H.
daphnis from Cebu Island with 99% NJ and 100% MP bootstrap supports. Although clearly
morphologically different from one another (Fig. 4), there was an inclusion of one group of
H. woodiana with H. amagaensis in  the  NJ  and  MP  trees.  This  could  be  attributed  to  two
possible reasons. First, the genetically distantly related H. woodiana populations might be
derived independently, and one of these was derived from the common ancestor with H.
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amagaensis. Secondly, hybridization could have occurred between H. amagaensis and one
population of H. woodiana, and mtDNA haplotype of this H. woodiana was replaced by that
of H. amagaensis. Surveys using additional markers such ITS 2 and 16S rRNA are needed in
future study to solve this issue; however, the above interpretations do not refute the
conclusion that H. amagaensis is a new and distinct species forming its own monotypic clade
in the Helicostylinae phylogeny.
Helicostyla amagaensis has  an  arboreal  habit  and  is  commonly  found  under  the  leaf  of
palms and broad-leaf shrubs with no species specific plant preference. Furthermore, this very
rare land snail appears to be endemic only to the Patnanungan Island and restricted to intact
native forests, making this species vulnerable to local extinction due to increasing
encroachment of rice farmlands and coconut plantations in a very small area with only
patches of forest cover. Thus, more studies of this land snail must be conducted to better
determine its biology and ecology for its proper conservation management.
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Figure 3-1. Map showing the type locality of Helicostyla amagaensis, new species, in
Amaga, Patnanungan Island, Polillo Group of Islands, Philippines.
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Figure 3-2. Helicostyla amagaensis, new species, holotype (UPD IM Ha1). A) dorsal
view; B) aperture view; C) ventral (umbilical) view; D) body whorl view. Arrows point to
the reflection along the lower section of the aperture lip.
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Figure 3-3. The genital anatomy of Helicostyla amagaensis, new species, holotype
UPD IM Ha1. Abbreviations: ag= albumin gland; bs= bursa copulatrix; bt= bursa
tract; mg= mucus gland; ot= ovotestis; p= penis; pg= prostate gland; sd= small
duct; so= spermoviduct; sp= stylophore; st= stimulator; v= vagina; vd= vas
deferens.
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Figure 3-4. The live Helicostyla woodiana (A) and H. amagaensis, new species (B), both
found underneath a broad-leaf shrub in a small forest patch in Patnanungan Island.
A B
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Shell height (mm) 14.13 13.5 14.08
Shell width (mm) 10.36 9.72 10.04
Spire height (mm) 7.23 6.56 7.10
Body whorl height (mm) 7.56 6.78 7.21
Aperture height (mm) 7.19 6.21 7.02
Aperture width (mm) 6.77 5.86 6.46
Number of whorls 3 3 3
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Figure 3-5. Neighbor joining (A) and maximum parsimony (B) trees of the Subfamily
Helicostylinae, including Helicostyla amagaensis, new species, based on 588 nucleotides of
the COI gene and rooted on Bradybaena similaris and Eulota mighelsiana. DNA substitution
was based on the Kimura-2-parameter model. Values on the nodes represent bootstrap
support (1000 replicates) for NJ and MP, respectively; values less than 50% are not shown.
Scale bar represents 5 nucleotide substitutions for every 100 nucleotides. Star indicates
species that are also found in the Polillo Group of Islands
A B
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Table 3-2. Estimates of genetic divergence by means of average uncorrected (UcD) and corrected,
Kimura-2-parameter model (K2P), p-distances between Helicostyla amagaensis, new species, and
other land snail species. UPD IM Ha1- holotype; UPD IM Ha2 and UPD IM Ha3- paratypes.
Species (n) Island
UPD IM Ha1 UPD IM Ha2 UPD IM Ha3 Total Average
UcD K2P UcD K2P UcD K2P UcD K2P
Helicostyla amagaensis, new species
UPD IM Ha1 (1) Patnanungan 0.002 0.002 0.003 0.003 0.003 0.003
UPD IM Ha2 (1) Patnanungan 0.005 0.005 0.005 0.005
Mean 0.004 0.004
Polillo Group of Islands
H. dactylus Broderip, 1841 (1) Patnanungan 0.194 0.407 0.194 0.407 0.19 0.394 0.193 0.403
H. dubiosa Pfeiffer,1845 (3) Polillo 0.166 0.304 0.164 0.299 0.166 0.304 0.165 0.302
H. portei Pfeiffer, 1861 (5) Polillo 0.155 0.275 0.154 0.272 0.155 0.275 0.155 0.274
H. woodiana Lea, 1840 (3) Polillo 0.057 0.105 0.058 0.104 0.057 0.105 0.057 0.104
H. polillensis Pfeiffer,1861 (2) Polillo 0.167 0.307 0.165 0.302 0.167 0.307 0.166 0.305
H. filaris Valenciennes, 1845 (1) Jomalig 0.194 0.405 0.196 0.411 0.194 0.405 0.194 0.407
Mean 0.155 0.299
Other Philippine Islands
H. butleri Pfeiffer, 1842 (1) Luzon 0.17 0.323 0.17 0.323 0.17 0.323 0.170 0.323
H. intermidia Moellendorff, 1896 (3) Luzon 0.166 0.305 0.166 0.305 0.166 0.305 0.166 0.305
H. mirabilis Ferussac, 1821 (3) Luzon 0.156 0.278 0.155 0.273 0.156 0.278 0.156 0.276
H. bicolarata (Lea, 1840) (1) Luzon 0.143 0.244 0.143 0.244 0.143 0.244 0.143 0.244
H. corticolor Kobelt, 1911 (1) Luzon 0.15 0.259 0.15 0.259 0.15 0.259 0.150 0.259
H. vidali Hidalgo, 1887 (2) Luzon 0.177 0.347 0.177 0.347 0.177 0.347 0.177 0.347
Mean 0.160 0.292
H. daphnis Broderip, 1841 (2) Cebu 0.103 0.146 0.101 0.142 0.103 0.146 0.102 0.145
H. camelopardalis Broderip, 1841 (2) Cebu 0.136 0.225 0.134 0.221 0.136 0.225 0.135 0.224
H. worcesteri Bartsch, 1909 (2) Cebu 0.145 0.246 0.143 0.242 0.145 0.246 0.144 0.244
H. ventricosa (Bruguiere, 1792) (2) Cebu 0.145 0.248 0.144 0.244 0.145 0.248 0.145 0.247
Mean 0.1315 0.215
H. smaragdina Reeve, 1842 (4) Mindanao 0.191 0.395 0.19 0.389 0.191 0.395 0.191 0.393
Outgroup
Bradybaena similaris Ferussac, 1821
(3) Luzon 0.258 0.719 0.256 0.709 0.258 0.719 0.257 0.716





Varanid Lizard Predation Drives Habitat-Use and Shell Shape
Shifts in the Tropical Island Land Snail, Helicostyla portei
(Bradybaenidae: Helicostylinae)
ABSTRACT
Evolution of anti-predator adaptation, which can lead to speciation, varies from
morphological to behavioral modifications. In this study, I demonstrated how the varanid
lizard, Varanus olivaceus, affected the ecomorphology of the island endemic land snail,
Helicostyla portei. Land snails were surveyed from Polillo (with predator lizard), and
Patnanungan (without predator lizard) Islands in the Philippines. Shells were analyzed using
geometric morphometrics based on 14 landmarks, while habitat-use was discriminated by the
sitting  position  (on  tree  trunk,  leaves  or  vines)  of  the  snail.  The  relationship  among  shell
morphology, habitat-use and other environmental variables (island, canopy cover, tree
density, and tree trunk size) were tested using generalized linear mixed model. To test if
predator-induced differences among land snails constitute genetic divergence, phylogenetic
and haplotype analyses using ITS 2, 16S rRNA and COI were conducted. Land snails on the
island where predator is present have larger shell size and wider body whorl with narrower
aperture. More snails were found on leaves, followed by vines and rarely on tree trunk. Land
snails on the island without the lizard have more extensive size range and narrower body
whorl but wider aperture. Habitat-use among snails shifted in the absence of the predator,
wherein tree trunk became the most preferred, followed by leaves and vines. This suggested
that predation induced habitat-use variation resulting in change in shell shape. The significant
relationship between habitat utilization and shell form indicated that H. portei exposed to
predator selection favored characters more adapted to sites inaccessible to the lizard, whereas
in the absence of the predator, shells showed relaxed phenotype more adapted to tree trunk.
The lack of relationship between habitat-use with other environmental variables further
supported the hypothesis. Phylogenetic trees and median joining network analysis of
haplotypes did not support the observed morphological and habitat-use shifts in H. portei.
The geological history of the island is hypothesized to influence this genetic divergence. This
study revealed that molluscivorous varanid lizards could drive morpho-ecological plasticity
among tropical land snails.
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INTRODUCTION
Evolution of anti-predator adaptation, which can lead to speciation, varies from
morphological to behavioral modifications. Several morphological adaptations have evolved
among different animal groups, specially, among mollusks in response to predation such as
development of external spines (Donovan et al., 1999); thickening of aperture lip (Palmer,
1979); and aperture distortion (Hoso and Hori, 2008). However, very few studies on land
snails have focused of habitat-shifts coupled with morphological modifications against
natural predators.
In the Philippines, the most diverse group of land snails belongs to Subfamily
Helicostylinae, Family Bradybaenidae. With more than 250 described species (Faustino,
1930; Hemmen et al., 1989). There are about 23 genera under the Helicostylinae (Schileyko,
2004) with the genus Helicostyla as the most dominant and speciose of the endemic arboreal
snails.  Almost  present  in  all  major  islands  of  the  archipelago,  they  exhibit  a  variety  of
morphological and behavioral adaptations. One of these is Helicostyla portei (L. Pfeiffer,
1861). It is restricted only to the Polillo Group of Islands, particularly in the native forests of
Polillo, Palasan and Patnanungan (Fig. 1). Being exclusively arboreal, it can usually be found
sitting on tree trunk, leaves or vines, where it feeds on vegetation such as lichens, algae and
leaves. It exhibits shell polymorphism with variation in shell color ranging from light green,
light brown to dark, chestnut shell coloration with variable banding pattern. It can grow as
big as 75-78 mm in length making it one of the largest Helicostyla species in the Philippines.
This  land  snail  is  also  one  of  the  important  protein  and  calcium sources  of  the  equally  rare
varanid lizard, Varanus olivaceus (Bennett, 2011).
Varanus olivaceus Hallowell, 1856 or Gray’s monitor lizard is an endemic varanid lizard
found only on the rainforest of southeastern Luzon (Auffenberg 1988) and its adjacent islands
of Catanduanes (Ross and Gonzales, 1992) and Polillo (Bennett, 2011). It belongs to Order
Squamata, Family Varanidae and phylogenetically closely related to other native frugivorous
lizards, Varanus mabitang (Struck et al., 2002) and the newly described, Varanus bitatawa
(Welton et al., 2010). It is known to eat fruits of Pandanus and Canarium, and occasionally
feed on land snails and crabs. Several studies have been extensively done on this species.
Foremost are the seminal works by Walter Auffenberg on the biology and ecology of V.
olivaceus in the Bicol region (Auffenberg, 1988); by Daniel Bennett on the distribution and
feeding  ecology  in  the  Polillo  Island  (Bennett,  2011),  and  by  Matthew  Yuyek  on  its
husbandry and captive breeding in the zoo (Yuyek, 2012).
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Given  the  unique  natural  set-up  in  the  distribution  of H. portei and V. olivaceus in the
Polillo Group of Islands, one can test the evolution of counter-adaptations based on the Red
Queen Hypothesis (Salathe et al., 2008) in response to predation pressure specifically in
terms of shell shape change and habitat preference shifts in the land snail against its lizard
predator. Furthermore, no study is yet available on this predator-prey relationship between
the land snail, H. portei and V. olivaceus. This is vital since H. portei is not yet a protected
species, thus by establishing its significance in the feeding ecology of the IUCN listed, V.
olivaceus, it could indirectly help in the snail’s own conservation program. Specifically, the
main  objectives  of  this  study  is:  1)  to  determine  the  shell  shape  and  habitat  preference
variation in H. portei in the islands with and without its V. olivaceus predator; 2) to evalute
which model will best explain the variation in habitat preference of the snails; and 3) to test




Land snails were surveyed from the Polillo and Palasan (with predator lizard), and
Patnanungan (without predator lizard) Islands in the Philippines (Figure 4-1). In the Polillo
Island,  four  sites  (Sibulan,  Maknit,  Malinaw  and  Panukulan)  were  chosen  based  on V.
olivaceus sightings and claw marks on tree trunks. In Palasan, one site was selected, while in
Patnanungan Island, three sites (Kilogan, Amaga and Norte) were chosen. On each site, 10
plots with a size of 5x5 meters were randomly set-up, overall 80 plots were used.
Environmental variables were measured or determined in each plot such as number of trees,
tree diameter at breast height, and percent canopy cover. Live snails and empty shells were
hand searched and collected in each plot with 30 minutes sampling effort/person.
Microhabitats preferred by H. portei such as underneath leaves, vines and on the tree trunk
were prioritized during the collection. The claw markings on tree trunks made by V. olivaceus
(Figure 4-2) were also noted. Only a maximum of 10 individuals snail/site were allowed by
the wildlife permit for collection for anatomical and molecular analyses. Most snails were
released back to their original habitats after being photographed with background scale.
Overall, 125 individual snails were sampled. Sampling was done during the months of April
and May of 2012.
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Geometric Morphometrics
The shell size (length and width) as well as shell (shell height divided by shell width) and
aperture (aperture height divided aperture width) indices were determined. The live and
empty  shells  of H. portei were analyzed using geometric morphometrics based on 12
landmarks (Figure 4-3). All photos of the shell were converted first to a tps file using tpsUtil
(http://life.bio.sunysb.edu/morph/) then opened in tpsDig (http://life.bio.sunysb.edu/morph/)
to assign the landmark points in the shell. By the definitions of Bookstein (1991), landmarks
1-4 and 10-12 were classified as Type I landmarks (juxtaposed with tissues and corresponds
to homologous structures), while landmarks 5-9 were Type III (points that captured general
shell shape). The digital files of the converted images were then analyzed using ImageJ
software (Klingenber, 2011). The shape information of the data was initially extracted using
Procrustes superimposition. This step eliminates the size, position and rotation factors in the
morphometric data. Outliers were checked to detect problems in the data set. Covariance
matrices were then generated to allow analysis such as principal component analysis and
wireframe diagram construction. Finally, a canonical variate analysis was performed to find
the shape features which maximize the separation between sample groups. Final data will
now be in the form of shape score (measure of shape changes) and centroid value (overall
size of the shell). Only shell samples collected from Polillo (literature-confirmed presence of
V. olivaceus)  and  Patnanungan Islands  were  used  in  the  analysis.  A total  of  115  land  snails
were sampled.
Statistical Analysis
To determine if there is significant difference in the general body size (centroid), shell
spire and aperture indices, and in the habitat preference frequency among H. portei snails
sampled in Polillo and Patnanungan Islands, one way analysis of variance (ANOVA) was
used. Prior to analysis, data were tested for normality and homogeneity of variance. All
parametric  statistical  analyses  were  conducted  using  SPSS v.  18.0  (SPSS,  Chicago,  Illinois,
USA).
To examine which factors influence the change in shell shape, generalized linear mixed
model  (GLMM)  (Bolker  et  al.,  2008)  was  utilized.  Prior  to  GLMM,  all  variables  were
examined for possible high correlation (r > ± 7.0), and once detected, the more biologically
relevant factor was retained. GLMM computed the best model that explains the shell shape
change. The lmer4 package run in R v. 3.0.1 (R Foundation for Statistical Computing, 2013)
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were used in the analysis. The assigned fixed factors were island (proxy for predator), habitat
(leaf, vine or tree trunk), canopy cover, tree density and trunk size. The random factor was
the  sampling  sites  across  the  Polillo  and  Patnanungan  Islands.  The  validity  of  the  models
were evaluated by Akaike’s Information Criterion (AIC), Bayesian Information Criterion
(BIC); and the Negative log Likelihood (-LL) while statistical significance was indicated by
the chi-square value.
Phylogenetic Analyses
To examine if the change in shell shape as induced by predation corresponds to a possible
genetic change or a signal for speciation, a total of 28 individuals of H. portei (from Polillo,
Palasan  and  Patnanungan  Islands)  as  well  as  two  individuals  of H. daphnis (from Cebu
Island) and five individuals of H. rufogaster (from Luzon Island) as outgroup taxa were used
for the molecular analyses. DNA was extracted from the foot muscle of each snail using the
NaOH-lysis method (Fontanilla, 2010). Three gene fragments (the nuclear ribosomal gene
family that included the 3’ end of the 5.8S rRNA, the ITS2 and the 5’ end of the large subunit
rRNA,  and  the  mitochondrial  16S  rRNA  and  the  COI  genes)  were  then  amplified  using
polymerase chain reaction.  The nuclear rRNA gene cluster was amplified using primers
LSU-1iii (sequence: 5’ TGCGAGAATTAATGTGAATTGC-3’) and LSU-3iii (sequence: 5’-
ACGGTACTTGTCCGCTATCG-3’) (designed by C. Wade). The 16S rRNA fragment was
amplified using primers STY_16Sarm (sequence: 5’–
CTTCTCGACTGTTTATCAAAAACA–3’) (Bonnaud et al. (1994) and STY_16Sbrm
(sequence: 5’–GCCGGTCTGAACTCAGATCAT–3’) (designed by C. Hudelot). The CO1
gene was amplified using primers LCO 1490 (sequence: 5'-
GGTCAACAAATCATAAAGATATTGG-3') and HCO 2198 (sequence: 5'-
TAAACTTCAGGGTGACCAAAAAATCA - 3') (Folmer et al., 1994) or StyHCO (sequence:
5’ –GAATTAAAATATATACTTCTGGGTG-3’) and STY_LCOi (sequence: 5’-
TCAACGAATCATAAGGATATTGG-3’ or StyLCOii (sequence: 5’–
ACGAATCATAAGGATATTGGTAC-3’) (Fontanilla, 2010). Polymerase chain reaction
amplification conditions were as follows: initial denaturation of one cycle at 95°C for two
minutes; 43 cycles consisting of the following: 94°C for 30 seconds, 45°C for 30 seconds,
and 65°C for five minutes; and one final extension at 72°C for five minutes. PCR products
were visualized on a 1% agarose gel with EtBr under UV illumination and purified using
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QIAGEN® QIAquick Gel Extraction Kit (USA) following the manufacturer’s protocol. The
purified PCR products were then sent to 1st BASE Pte. Ltd., Singapore for sequencing.
The sequences were assembled using the Staden Package version 4.0 (Staden et al.,
2000). The sequences were aligned using ClustalW multiple alignment in BioEdit Sequence
Alignment Editor 7.0.9.0 (Hall, 1999). The three gene regions were then concatenated in
DAMBE version 5 (Xia, 2013), giving a total of 1790 nucleotides. Phylogenetic trees were
constructed using the model-based maximum likelihood (ML) (Cavalli-Sforza and Edwards,
1967; Felsenstein, 1981) and neighbor-joining (NJ) (Saitou and Nei, 1987) methods as well
as the non-model based maximum parsimony (MP) method (Eck and Dayhoff, 1966; Fitch,
1977). For the model-based ML and NJ methods, the optimal model was determined using
the Akaike Information Criterion (AIC) (Akaike, 1974) in the jModelTest (Posada, 2008).
The ML tree was constructed in PHYML version 3 (Guindon and Gascuel, 2003) while both
NJ and MP trees were done in PAUP version 4.0b10 (Swofford, 2002). All three trees were
subjected to 1000 bootstrap replication. Finally, to determine the evolutionary relationships
of the different sequence haplotypes of H. portei based on the three gene regions, a median
joining network (Bandelt et al. (1999) of the haplotypes was also drawn using the Network
version 4.502 program. A total of 1764 nucleotide positions were used for this analysis.
RESULTS
The Polillo land snails (with lizard predator) have relatively larger shell mean size
(centroid size) compared to Patnanungan land snails (without the lizard) (Figure 4-4).
Although the later have more extensive size range. Both have generally comparable aperture
and spire indices. Wire-frame diagram showed that Patnanungan snails have more expanded
aperture opening compared to those in Polillo (P = 0.0449) (Figure 4-5). Between life stages,
juveniles have more rounded shell and bigger aperture (P = 0.0412) than the adults with more
slender shell shape. Moreover, significant (P<0.0001) allometric shell growth was also
observed across both age group with predicted variance of 20.22% (Figure 4-6).
In terms of habitat preference, Polillo H. portei snails  were  commonly  found sitting  on
leaves (61.67 ± 21.67), followed by vines (29.17 ± 17) and rarely on tree trunk (9.17 ± 5.34)
(Figures 4.7-4.8). In contrast, the Patnanungan, H. portei snails have very high preference to
tree trunk (92.12 ± 1.12) and are rarely seen among vines and leaves. Correspondingly, land
snails on the island where predator is present have wider body whorl with narrower aperture
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whereas land snails on the island without the lizard have narrower body whorl but wider
aperture. Based on the GLMM analysis, the main factor in determining the shell shape of H.
portei was the presence of a varanid lizard predator (island factor) (Table 4-1). The other
environmental variables tested did not generate significant association with the variation in
shell shape.
The phylogenetic trees constructed revealed that H. portei from  the  southern  region  of
Polillo, Palasan and Patnanungan Islands formed a separate clade with those H. portei
collected in the northern Polillo Island (bootstrap support of ML-both 98%; NJ- 93 and 95%,
respectively) (Figure 4-9). Furthermore, the median-joining network also revealed similar
pattern wherein the H. portei from the  northern  Polillo  Island  were  separated  by  around 14
mutation distance from the southern Polillo, Palasan and Patananungan group (Figure 4-10).
There were 18 distinct haplotypes discovered from the 28 samples. The northern Polillo
group had haplotype frequency of 21.43% (6/28), while among the Southern Polillo, Palasan
and Patanungan group, the haplotype frequency was 78.57% (22/28) (Table 4-2).
DISCUSSION
The reduction in the aperture size among H. portei land snails exposed to the lizard
predator could be a morphological adaptation to the microhabitat preference to escape
predation. By shifting towards a very inaccessible location such as leaves and vines, the
successful snail survivors with smaller aperture and thereby smaller foot suited to a very
small attachment area, have been indirectly selected. Alternatively, the H. portei snails in
Patnanungan, an island without the lizard predator, have preferred to stay on tree trunk for
more stable attachment. With a high frequency of snails sitting on the tree trunk, those
individuals with wider aperture and bigger foot adapted to extensive surface area were more
common. Thus, the contrasting aperture size pattern between the two islands is a compromise
between accessibility and protection. The Polillo snails have somehow sacrificed staying in a
more stable surface (tree trunk) just to avoid its predator. The present findings could
suggested that predation induced habitat-use variation could significantly promote plasticity
in shell shape among H. portei snails. Similar pattern was observed between the juvenile and
adult forms. The presence of positive shell allometric growth to reach a size refuge
(Hoverman and Relyea, 2009) could be an additional form of protection against predators.
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The phenotypic plasticity in H. portei shells was favored possibly due to snail’s reliable
cues to recognize its lizard predator hence its habitat-shifting behavior, and due to the
variability in the predation pressure by the V. olivaceus. Being frugivorous, V. olivaceus is
not exclusively dependent on the land snail for nourishment, and would also regularly feed on
Pandanus and Canarium fruits (Bennett, 2011). Furthermore, the variety of habitats occupied
by H. portei manifested a fine-grained heterogeneous environment that promoted shell shape
plasticity. Similar morphological pattern was observed in the freshwater snail, Radix balthica
(Bronmack  et  al.,  2011).  The  shell  of  snails  in  ponds  with  molluscivorous  fish  were  more
rotund and have low spire, whereas, in ponds without the predator, were narrower and have
well developed spire.
The absence of clear phylogenetic signal among H. portei snails between the islands with
and without the varanid lizard predator revealed that the above morpho-ecological plasticity
of the land snails was not enough to induce corresponding genetic divergence. Among
gastropods, sequence substitution in 16S rRNA ranges from 0.2 to 1.0% per million years in
the invasive aquatic snail, Potamopyrgus (Stadler et al. 2005) while around 10% per million
years in the land snail, Mandarina (Chiba, 1999). It is possible that the geological history of
the Polillo Group of Islands could have contributed to the observed genetic separation. The
southern section of Polillo have originated by the strike-slip movement from Luzon along the
Philippine fault (Knittel, 1985a, Knittel, 1985b) carrying very ancient substrate components
ranging from Early Cretaceous to Late Miocene, while Palasan and Patnanungan arose
through ocean floor uplift during the Miocene. However, the northern Polillo is a recent
landmass which uplifted during the Plio-Pleistocene (Billedo, 1994). It could be inferred that
since the southern Polillo, Palasan and Patnanungan were older, there will be longer time for
the establishment of native rainforests capable of supporting H. portei population, as well as
for its haplotype diversification. During the last Pleistocene period, the entire PGI were
connected to Luzon, forming the Pleistocene Aggregate Island Complex (Heaney, 1986). It is
hypothesized that it was during this moment that V. olivaceus invaded  the  PGI  with  an
already genetically diversified H. portei population. It is possible that the anti-predator
adaptations were very recent (around 10,000 YA).
Finally, the evolutionary history of H. portei could  be  a  result  of  triple  evolutionary
events of genetic drift, founder effect and convergence of defensive characters. Initially, the
formation of distinct haplotypes northern Polillo could be a product of founder effect through
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novel habitat bottleneck followed by the predation pressure by V. olivaceus that could have
induce convergence of defensive character against a common predator.
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Figure 4-1. The Polillo archipelago (14’50 N, 122’5 E) located 20-30 km o  the eastern
Paci c coast of the Luzon Island was previously connected to it during the last Pleistocene
Glaciation Maxima. It has 24 islands and islets, wherein the three biggest are Polillo (761
km²), Patnanungan (88.7 km²) and Jomalig (56.65 km²). Islands with both Helicostyla portei
and Varanus olivaceus are marked by orange outline; island with H. portei but without V.
olivaceus is marked with green outline; islands without both H. portei and V. olivaceus are
marked with black outline
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Figure 4-2. Varanus olivaceus resting (A), ascending (B) and descending (C) on its
host tree (B and C photos c/o D. Bennett, 2011). Note the lizard’s signature claw





Figure 4-3. Morphometric characters and 12 landmarks used for Helicostyla portei. Note
Type I landmarks (1-4; 10-12) and Type III landmarks (5-9). AH- aperture height; AW-
aperture width; SH- shell height; SW- shell width
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Figure 4-4. Comparison of shell size (centroid) and indices of H. portei collected in Polillo
(n=71) and Patnanungan (n= 44) Islands. Mean is the solid line within the box; median is the
broken line within the box; upper whisker is the 75th percentile; lower whisker is the 25th






















































Figure 4-5. Wire-frame diagram comparing H. portei shells based on island (A) and age (B).
Figure 4-6. Allometric growth exhibited by a signi cant increase in shell size of H.
portei from juvenile into adult snails (n= 50).
A
Mahalanobis Distance = 6.7778
P = 0.0449
Correct Classification: 64.29%




Mahalanobis Distance = 8.4494
P = 0.0412
Correct Classification: 75.00%




Figure 4-7. Frequency of microhabitat preference of H. portei snails sampled in Polillo and
Patnanungan.
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Table 4-1. Generalized linear mixed models showing the correlates of shell shape of
Helicostyla portei from Polillo and Patananungan Islands with other environmental variables
considered.
Parameter component df AIC BIC -LL 2 P
Site 2 19.72 22.59 7.861
Island + Site 3 15.88 20.18 4.939 5.845 0.01
Canopy cover + Site 3 20.05 24.35 7.002 1.678 ns
Tree density + Site 3 21.66 25.96 7.829 0.064 ns
Trunk size + Site 3 18.47 22.77 6.233 3.256 ns
*AIC- Akaike’s Information Criterion;  BIC- Bayesian Information Criterion; LL- Negative log Likelihood;  ns- not signi cant
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Figure 4-8. Inverse relationship between accessibility and protection on the habitat
preference of H. portei. Di erent letters refer to signi cant di erence at P< 0.01. Note the
morphological modification based on the habitat preference of the land snails. Snails
adapted for leaf/vine habitats tend to decrease their aperture size but enlarge their body
whorl, whereas snails adapted for tree trunk tend to increase their aperture size but
decrease their body whorl size.
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Figure 4-9. Maximum likelihood (A) and neighbor-joining (B) phylogenetic tree of the
Helicosytla portei populations based on 1790 unambiguously aligned nucleotide sites of the
concatenated dataset of the ITS2 and 5’end of the LSU rRNA gene, the 16S rRNA gene,
and the COI gene. The tree was rooted on H. rufogaster (Mak) and H. daphnis (Hd). Values
on the nodes represent bootstrap support (1000 replicates) for ML and NJ.  The scale bar
represents 2 substitutional changes per 100 nucleotide positions.
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Figure 4-10. Median-joining network of the 18 Helicostyla portei haplotypes based on the
concatenated data-set of the ITS 2 and 5’end of the LSU rRNA gene, the 16S rRNA gene,
and the COI gene (1764 nucleotides, with 34 variable positions). The number with the lines
represents the number of mutations between haplotypes. The different colors on the map
show the oldest geological substrates of the islands. The arrows illustrate the possible
direction of invasion of H. portei population across the Polillo Group of Islands.
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Table 4-2. Summary of haplotypes based on the concatenated dataset of the ITS2, the 16S
rRNA and the COI genes (1764 nucleotides, with 34 variable positions).
Polillo Island: BB- Bato; Mac- Macnit; Mal-Malinaw; Sib-Sibulan
Palasan Island: Pal- Palasan
Patnanungan Island: Am- Amaga; Bn- Norte; Kil- Kilogan
Haplotype Samples Island/ Region Frequency
1 Mal1 Polillo/ Northern 1
2 Mal4 Polillo/ Northern 1
3 Mal5 Polillo/ Northern 1
4 BB1 Polillo/ Northern 1
5 BB2, BB3 Polillo/ Northern 2
6 Sib1 Polillo/ Southern 1
7 Sib3 Polillo/ Southern 1
8 Mac1 Polillo/ Southern 1
9 Mac2 Polillo/ Southern 1
10 Mac3 Polillo/ Southern 1
11 Mac4 Polillo/ Southern 1
12 Kil2, Kil4 Patnanungan 2
13 Bn1 Patnanungan 1
14 Bn2 Patnanungan 1
15 Bn3, Bn4 Patnanungan 2
















Anti-Predatory Role of Shell Color and Banding Pattern
Divergence in the Island Endemic Land Snail, Helicostyla Portei
(Bradybaenidae: Helicostylinae)
ABSTRACT
Selection pressure by predation is known to generate character divergence among island
species.  In this study, I examined how the arboreal molluscivorous varanid lizard, Varanus
olivaceus, affected the shell coloration and banding patterns in the endemic land snail,
Helicostyla portei. Snails were surveyed from Polillo and Palasan (with predator lizard), and
Patnanungan (without predator lizard) Islands in the Philippines. Shell pigments and intensity
were quantified while the number of whorl bands was counted. The relationship between
shell color and banding pattern, age, island, and microhabitat were tested using generalized
linear mixed-effect model. Feeding strategy and dentition in the arboreal lizard, V. olivaceus
were also examined. Zoo-kept lizards and preserved heads were analyzed using x-ray and
computed tomography to determine cranial modifications while feeding experiments were
conducted to determine predation behavior. Polillo and Palasan land snails exhibited
disruptive shell coloration, brighter shells with more bands blended to leaf and vine.
Patnanungan land snails have darker shells with less banding suited to tree trunk habitat.
Habitat-use among snails shifted in the absence of the lizard predator. This suggested
predation induced habitat-use variation resulting to shell coloration plasticity. Among adult
V. olivaceus lizards, significant blunting of the teeth associated with molluscivorous diet was
observed in adults but not in juveniles. Feeding experiments showed higher survival success
among land snails from the island with lizard.  This study demonstrated a possible model of
co-evolution of morphological and behavioral traits between the varanid lizard and the land
snail in tropical island ecosystem.
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INTRODUCTION
Selection pressure by predation is known to generate character divergence among island
species. In response to this ubiquitous evolutionary process, animals have developed various
adaptations to avoid attacks by predators (Caro, 2005). Among the phenotypic techniques
employed is through camouflage by hindering the predators’ ability to either detect or
recognize the prey. The two common forms camouflage are to either achieve the least
chromatic contrast with their background thereby blending perfectly with their background
(Stuart-Fox et al., 2007), or to utilize disruptive coloration to impede the recognition of
animal outlines as potential prey (Merilaita and Lind, 2005; Frasser et al., 2007). Studies on
predator-prey relationships indicate that prey species ranging from reptiles, birds and insects
are more camouflaged to chromatic cues (Hastad et al. 2005; Thery et al. 2005, Stuart- Fox et
al., 2006). Among land snails, shell polymorphism as a form of possible camouflage is well
studied, e.g. in Cepea nemoralis (Jones et al., 1977; Jones et al., 1980) and in Mandarina
(Chiba, 1999). Most of the studies using land snails, however, only give limited information
on the effectivity of shell color plasticity as a product of hybridization or character
displacement. Specifically, very limited data is available that test the evolution of shell
coloration and banding pattern of land snails against its natural predator.
In the Philippines, the most diverse group of land snails belongs to Subfamily
Helicostylinae, Family Bradybaenidae. With more than 250 described species (Faustino,
1930; Hemmen et al. 1989). There are about 23 genera under the Helicostylinae (Schileyko,
2004) with the genus Helicostyla as the most dominant and speciose of the endemic arboreal
snails.  Almost  present  in  all  major  islands  of  the  archipelago,  they  exhibit  a  variety  of
morphological and behavioral adaptations. One of these is Helicostyla portei (L. Pfeiffer,
1861). It is restricted only to the Polillo Group of Islands, particularly in the native forests of
Polillo, Palasan and Patnanungan. Being exclusively arboreal, it can usually be found sitting
on tree trunk, leaves or vines, where it feeds on vegetation such as lichens, algae and leaves.
It exhibits shell polymorphism with variation in shell color ranging from light green, light
brown to dark, chestnut shell coloration with variable banding pattern. It can grow as big as
75-78 mm in length making it one of the largest Helicostyla species in the Philippines. Very
little is known regarding the biology and ecology of this land snail species, nonetheless it is
deemed to cure asthma and is considered as a form of aphrodisiac according to local native
tribes known as Dumagats. This land snail is also one of the important protein and calcium
sources of the equally endemic varanid lizard, Varanus olivaceus (Bennett, 2011).
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Varanus olivaceus Hallowell, 1856 or Gray’s monitor lizard is an endemic varanid lizard
found only on the rainforest of southeastern Luzon (Auffenberg 1988) and its adjacent islands
of Catanduanes (Ross and Gonzales, 1992) and Polillo (Bennett, 2011). It belongs to Order
Squamata, Family Varanidae and phylogenetically closely related to other native frugivorous
lizards, Varanus mabitang (Struck et al., 2002) and the newly described, Varanus bitatawa
(Welton et al., 2010). It is known to eat fruits of Pandanus and Canarium, and occasionally
feed on land snails and crabs. In literatures, V. olivaceus is restricted to the Polillo Island, but
upon  doing  this  current  field  work  and  local  interviews  and  picture  confirmation,  there  is
possible evidence that such distribution could extend to the Palasan Island which is only
about approximately 3.77 km away from Polillo. It could possibly utilize Titingong and
Kabalwa Islands, located in between, as possible stepping stones to reach Palasan. However,
no evidence based on literatures, local interviews and its signature claw markings on tree
trunks were observed in the Patnanungan and Jomalig Islands. Several studies have been
extensively done on this species. Foremost are the seminal works by Walter Auffenberg on
the biology and ecology of V. olivaceus in the Bicol region (Auffenberg, 1988); by Daniel
Bennett on the distribution and feeding ecology in the Polillo Island (Bennett, 2011), and by
Matthew Yuyek on its husbandry and captive breeding in the zoo (Yuyek, 2012).
Given  the  unique  natural  set-up  in  the  distribution  of H. portei and V. olivaceus in the
Polillo Group of Islands, one can ideally test the evolution of counter-adaptations based on
the Red Queen Hypothesis (Salathe et al., 2008) in response to predation pressure specifically
on the use of shell color and banding pattern of the land snail prey against the morphological
and behavioral arsenal of its lizard predator. Furthermore, no study is yet available on this
predator-prey relationship between the land snail, H. portei and V. olivaceus. This is vital
since H. portei is not yet a protected species, thus by establishing its significance in the
feeding ecology of the IUCN protected, V. olivaceus, it could indirectly help in the snail’s
own conservation program. Specifically, the main objectives of this study is: 1) to determine
the shell banding pattern, shell color and intensity variation in H. portei in  the  islands  with
and without its V. olivaceus predator;  2)  to  identify  which  factors  will  best  explain  the
variation in shell banding, color and intensity; 3) to describe the morphological changes in
the dentition and posterior cranial bones of V. olivaceus in adaptation to its molluscivorous





The sampling of Helicostyla portei was conducted in the three islands of the Polillo
Group (14’50 N, 122’5 E), namely, Polillo, Palasan and Patnanungan (Figure 5-1). These
islands have remaining extensive native rainforest supporting local population of the H.
portei. In the Polillo Island, five sites were sampled namely the Sibulan Watershed and
Macnit  in  the  Municipality  of  Polillo,  Malinaw  in   the  Municipality  of  Burdeos,  Bato  and
Lipata in the Municipality of Panukulan. In each selected sites, 10 plots with a size of 5x5 m
were randomly set. Extensive visual searching was conducted with emphasis on the
microhabitats preferred by the land snail, particularly tree trunk, leaf, or vine. Sampling effort
in  each  plot  was  30  minutes/plot  for  each  person.  Only  live  snails  were  sampled  since H.
portei has a very thin and superficial periostracal banding pattern which are lost once the
animal is wet or dead. All collected snails were photographed with a scale in their dorsal and
ventral  position.  The  land  snails  were  then  returned  to  their  original  habitat.  A total  of  125
individuals (84-adult and 41-juvenile) were sampled. Fieldwork was conducted in the months
of May and June of 2013.
Shell Color and Brightness Measurement
For each H. portei, the green bands against the brown background were counted. Shell
color measurement for land snail was conducted using ImageJ (1.4v), an open source image
processing software (Figure 5-2). Ten points of the shell representing different whorl sections
were chosen. In each point, the average pixel color/area were filtered into the three primary
hues- red, blue and green (RGB), with their corresponding numerical value. For the pure red
color, R=255, G=0, B=0, for the pure green color, R=0, G=255, B= 0, and for the pure green
color, R=0, B=0, G=255. Different color values for the RGB result to different shades or into
a new color, e.g. for pure yellow, R=255, G=255, B=0, and for pure brown, R=150, G=75,
B=0. White color happens when all RGB values is 255 while black occurs if all RGB value is
0. The data for three colors were merged using an RGB to Hex converter (RGB 2 Hex
Converter, v. 1.0, Sharkticus 2006) to represent the mixture or secondary color. Since the
hexadecimal annotation consisted of numerical value, hashtag symbol and letter of the
combined color, it was further converted in exclusive numerical value using a Hex to decimal
converter software (Hexit v. 1.5).
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For shell brightness measurement, the gray value was used as the basis for color intensity.
Thus the higher the gray value, the brighter the shell color, and vice versa. Following the
shell  color  measurement,  similar  10  points  of  the  shell  were  selected.  Using  the  pixel
inspection option tool of ImageJ (1.4v), the levels of gray value were determined.
Statistical Analysis
To determine if there is significant difference in the number of bands, shell color and
shell brightness and banding pattern, one way analysis of variance (ANOVA) was used. Prior
to analysis, data were tested for normality and homogeneity of variance. All parametric
statistical analyses were conducted using SPSS v. 18.0 (SPSS, Chicago, Illinois, USA).
To examine which factors influence the number of bands, shell color and brightness,
generalized linear mixed model (GLMM) (Bolker et al., 2008) was utilized. Prior to GLMM,
all variables were examined for possible high correlation (r > ± 7.0), and once detected, the
more biologically relevant factor was retained. Specifically, GLMM by model averaging
(Grueber et al., 2011)  which filters the best parameter to explain shell banding and color
brightness was performed using the lmer4 and MuMln packages run in R v. 3.0.1 (R
Foundation for Statistical Computing, 2013). The assigned fixed factors were island (proxy
for predator), habitat (coded for leaf, vine or tree trunk microhabitats), life stage (adult or
juvenile), and the interaction of habitat and island. The random factor was the sampling sites
across the Polillo Group of Islands. GLMM for color differences did not converged since no
prior significant statistical difference was detected among islands.
Morphological Analysis of Varanus olivaceus Head and Feeding Experiment
Using x-ray and computed tomography (CT scan) (Toshiba Alexion 16 Slice from
Philippine Orthopedic Center) techniques, the dentition pattern, among different age group of
V. olivaceus were conducted using live zoo-kept and preserved heads. Lateral views of the
head with opened mouth with exposed teeth were taken. For gross head CT scan, 80-120
KVP/ 80-120 MAS for 2.0 sec/2.0 mm were implemented, while for axial volumes, 80 KVP/
37 MAS were used.
Feeding experiments were done among zoo-kept V. olivaceus using H. portei snails
collected from the Polillo and Patnanungan Islands. Actual field feeding experiments using
wild varanid lizards was not conducted due to wildlife permit restrictions while no snails
from Palasan Island were used since all the 10 collected snails did not survive the transport
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from the field to the Avilon Zoo in Rodriguez, Rizal, Philippines. Moreover, due to the
Avilon  Zoo’s  policy  on  the  welfare  and  health  of  the  very  rare  lizards,  only  ten  live  snails
from each island were allowed during the feeding experiment. Two adult lizards starved for
one week were randomly allowed to feed on the snails for three days with and interval of two
hours between feeding sessions to reduce habituation.
RESULTS
Helicostyla portei showed shell banding and color variation among the islands with and
without the predator lizard (Figure 5-2). In terms of number of shell bands, snails from
Palasan had significantly (P<0.001) the most number (6 ± 0.85), followed by snails from
Polillo  (5  ±  0.32),  and  from  Patnanungan  (3  ±  0.31).  In  terms  of  color,  no  significant
differences were observed among islands, however, shell color brightness were significantly
higher in both in Palasan (94.72 ± 6.08 pixel/mm) and in Polillo (81.10 ± 4.52 pixel/mm)
compared to those sampled in Patnanungan (59.07 ± 3.35 pixel/mm).
In the GLMM, the sampling site, the random factor, was the most significant variables in
explaining shell band numbers and shell brightness (Table 5-1). Among the fixed factors,
island (proxy for predator) was significantly the most important (-3.93 ± 1.09, P<0.000)
which explained the number of shell bands. This was followed by life stage (-1.80 ± 0.70,
P=0.009). Interestingly, habitat was the least important factor (-0.68 ± 0.81, P=0.399) in
causing increased shell bands. For shell brightness, island (-16.14 ± 7.18, P=0.025) was again
the top factor, while life stage was the least important factor (-5.78 ± 3. 71, P=0.119) in
explaining color intensity.
Computed tomography (CT) and x-ray scans revealed a prominent change in the dentition
of V. olivaceus among several life stages (Figure 5-5). There are 10 teeth attached to the
maxillary bone while 13 in the dentary in the juvenile, sub-adult and adult samples. Among
juveniles, the teeth were pointed and serrated all throughout the jaw line. Among sub-adult,
tooth blunting can be observed along the inner posterior teeth while the teeth in the middle
and anterior region remained pointed. Among the adult, blunting of the teeth were present all
over the jaw. Such blunting cannot be attributed to wear and tear due to age since the sample
lizards were zoo-kept and were mostly feed soft fruits, and occasional meat. Enlargement of
the  posterior  bones  of  the  skull,  associated  with  masticating  muscles,  were  also  prominent
from juveniles to adults. Specifically, the squamosal and quadrate bones which were very
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thin in the juvenile became more prominent in the sub-adult and adult samples. Also, the
coronoid, articular and the angular bones of the lower jaw became more massive in the adult
skull.
 Feeding experiments showed higher predation success among land snails from the island
without the lizard (Figure 5-6). H. portei from Polillo exhibited higher survival rate (8/10 or
80%) from lizard predation compared to those from Patnanungan (4/10 or 40%). Among life
stage, all juveniles were successfully eaten (4/4 or 100%), while adults had higher
survivorship (12/16 or 75%). The feeding strategy of V. olivaceus in attacking a live snail
include the following steps- 1) smelling the snail from a far marked by rapid flickering of its
forked tongue; 2) following the scent of the snail and carefully approaching the snail from
behind; 3) visual inspection and taste confirmation of the snail; 4) attack along the posterio-
lateral side of the snail by grabbing the animal and tossing around its mouth to separate the
shell from the soft body parts; 5) ingestion of the soft body parts of the snail.
DISCUSSION
Helicostyla portei snails from V. olivaceus-inhabited Polillo and Palasan Islands could
have exhibited cryptic coloration by having brighter shells with more bands to better
camouflage with the leaf and vine. In contrast, land snails from Patnanungan Island have
darker shells with less banding which could effectively blended with the tree trunk preferred
habitat.  Shell  color,  although  not  statistically  different,  revealed  that  Polillo  and  Palasan
snails tend to have lighter greenish brown shells compared to those in Patnanungan with a
darker brown pigmentation. Specifically, the prominent increase in shell bands and brightness
could be a form of disruptive coloration which relies on contrasting patterns that restricts
recognition of animals as potential prey objects (Stevens et al. 2006a; Stevens et al., 2006b).
The contrasting elements of light brown background against a very dark green band of the
shell might draw the attention of the lizard away from the true outline of the land snail.
Interestingly, the bands are temporarily lost if the shell is wet. During rains, when the land
snail is very active and might risk predation in the absence of its bands, its lizard predator is
very inactive limited by its ectothermic physiology. Examples of predator-prey relationship
focused on disruptive coloration include the intertidal snails, Littorina mariae against Blenius
pliolis (Reimchen, 1979) and in Nucella lapillus against  shore  birds  (Etter,  1988).  Among
land snails, the shell color and banding polymorphism in Cepaea nemoralis could be a form
of color disruption against its avian predators (Surmacki et al., 2013). The shell color and
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banding plasticity in H. portei possibly demonstrated that the change shifted in the presence
of the lizard, thus demonstrating a predation induced habitat-use variation resulting in change
in shell coloration. As far as I know, the present study showed the first possible evidence of
shell color and banding modification of a land snail against a varanid lizard predator.
The GLMM results further confirmed that island associated with presence of predator as
the fixed factor that best explained the increased in both shell bands and shell color
brightness or intensity. However, careful interpretation of results should be noted since the
random  variable  sites  also  gave  high  estimate  values.  This  could  be  an  artifact  of  strong
correlation between islands and sites (Grueber et al., 2011). Aside from predator, life stage
could also influence the development of new bands, i.e. juveniles tend to be less banded
compared to the adult snails. This could be due to age-related expression of genetic character
such as shell bands (Abdel-Rehim, 1983; Reimchen, 1989). Interestingly, habitat per se could
not significantly explain if shell bands will increase based solely on its microhabitat. In other
words, without the lizard predator, it is possible that no increase in shell bands as seen in
snails from Patnanungan Island which also inhabited leaf or vine. Shell brightness is affected
by the lizard predator, and also habitat. Unlike in shell bands, brightness could also be
explained by the type of habitat preference of the land snail, i.e. snails usually found in leaf
and vines have more intense color than those found in the trunk. Life stage, on the other hand,
does not significantly affect shell brightness. It is possible that shell brightness could also be
diet related based on availability in the immediate environment, although, more research must
be conducted to support this hypothesis.
The teeth morphology of V. olivaceus dramatically changed from being pointed into a
barrel-shaped as the lizard matures from juvenile into adult form. This type of dentition is
comparable to another molluscivorous varanid lizard, V. niloticus,  which  primarily  feed  on
land snails of Family Achatinidae (Lonnberg, 1934). In addition, the blunt dentition can also
be seen among the teiid lizard, Dracaena.  In  terms  of  the  number,  juvenile  and  adult
possessed same number of teeth (10 in upper jaw and 13 in lower jaw). The main difference
is in the shape. According to Auffenberg (1988), adult lizard teeth are more rounded in cross
section and proportionally shorter than those in juveniles. Moreover, juvenile teeth are
mesolaterally compressed with tips oriented posteriorly and lacked the blunted posterior teeth
which are present in the adults. Such rounded and shorter teeth are highly modified for
crushing the shell of land snails such H. portei.
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The adult lizard’s dentition designed is complemented by the enlargement of posterior-
lateral cranial bones to accommodate its large masseter complex allowing massive bite
pressure possible (Auffenberg, 1988). Specifically, the prominent articulation of the
squamosal and quadrate bones serves as very stable points of origin for the medial region of
adductor mandibularis complex which is not divisible into superficial and deep layers as in V.
bengalensis (Lakjer, 1926). With extensive tendinous arches and basal aponeuroses which are
clearly more defined compared to other varanid lizards, this type of muscle arrangement
allowed many muscle fibers that can apply force to the insertional area such as coronoid and
angulo-dentary bones in the mandible. Furthermore, lower jaw muscles such as the
pseudotemporalis and pterygoideus, both inserting to the coronoid process and articular
bones, provide additional fleshy masticatory cushion vital for guiding and moving food upon
swallowing (Auffenberg, 1988).
 The feeding experiments showed higher predation success among land snails from
Polillio, the island without the lizard. This showed the counter-adaptations of the adult H.
portei snails from Polillo to deter their lizard predator. Juvenile snails from both islands were
very vulnerable to predation without the size and the cryptic coloration seen in their adult
counterparts. However, careful interpretation of the present results should be noted since the
sample size of the snails and the lizard is very low to draw more conclusive results from the
feeding experiment. Nonetheless, the experiment showed the possible behavioral tendencies
of both the lizard and the snail in the wild. The arboreal V. olivaceus actively uses it sense of
smell and sight to look for its prey. Equipped with short blunt teeth and massive jaw muscles,
is  capable  of  crushing  the  shell  of  the  land  snails.  In  contrast, H. portei snails utilize shell
color to avoid being eaten. Particularly, the shell color and banding provided color disruption
and cryptic camouflage against early detection.
SUMMARY AND CONCLUSION
Selection pressure by predators and microhabitat differentiation are known to generate
character divergence among island species.  The arboreal molluscivorous varanid lizard,
Varanus olivaceus, affected the shell coloration and banding patterns in the island endemic
land snail, Helicostyla portei.  The  land  snails  that  were  surveyed  from  Polillo  and  Palasan
(with predator lizard) demonstated shell disruptive coloration by having brighter shells with
more bands adapted to break its outline as it sits on its leaf and vine microhabitat.
Patnanungan (without the lizard) land snails have duller and darker shells with less banding
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blending to their tree trunk habitat.  GLMM data revealed that habitat-use among snails
shifted in the absence of the lizard predator which can suggest that predation induced habitat-
use variation resulting in change in shell coloration.
In the case of V. olivaceus, significant blunting of the teeth associated with its
molluscivorous diet was observed among adults than in the juveniles. The presence of short,
blunt  and  posteriorly  oriented  teeth  is  well-designed  for  crushing  hard  food  items  such  as
Pandanus  and Canarium fruits (Bennett, 2011) and land snail shell. The prominent
enlargement of posterior cranial bones is also an adaptation to accommodate big masticating
jaw muscles which can elicit a very strong bite force. In common with other molluscivorous
varanids, V. olivaceus head characterized by having short snouts, thick and deep lower jaws
and blunted teeth, is well-designed for its specialized diet.
Feeding experiments showed higher predation success among land snails from the island
without the lizard. Although, more trials must be conducted to support the preliminary
presented here. Future research directions could involve more experiments on the visual cues
used  by  the  lizard  to  detect  its  snail  prey,  and  the  use  of  chromatic  contrast  analysis  to
evaluate the best camouflaged background for the H. portei snails. Overall, the present study
revealed a possible model of co-evolution of morphological and behavioral traits between the
varanid lizard and the land snail in a tropical island ecosystem.
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Figure 5-1. The Polillo archipelago located 20-30 km o  the eastern Paci c coast of the
Luzon Island was previously connected to it during the last Pleistocene Glaciation Maxima. It
has 24 islands and islets, wherein the three biggest are Polillo (761 km²), Patnanungan (88.7
km²) and Jomalig (56.65 km²). Islands with both Helicostyla portei and Varanus olivaceus
are marked by orange outline; island with H. portei but without V. olivaceus is marked with
green outline; islands without both H. portei and V. olivaceus are marked with black outline
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Figure 5-2. Shell color and shell brightness (intensity) determination in live Helicostyla portei.
Number refers to specific section of the shell selected for pixel examination using Image J.
Figure 5-3. Helicostyla portei shell color, brightness and banding pattern diversity among the
Polillo Group of Islands. Islands with both Helicostyla portei and Varanus olivaceus are
marked by orange outline; island with H. portei but without V. olivaceus is marked with green
outline
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Figure 5-4. Variation in shell characters (A-number of bands, B- color, C-intensity) among
the islands of Polillo (n=71), Palasan (n=10) and Patnanungan (n=44). Different consecutive
letters indicates significant difference. *- P< 0.05, **-P<0.01, ***P< 0.001.  Islands with both
Helicostyla portei and Varanus olivaceus are marked by orange bar; island with H. portei but
without V. olivaceus is marked with green bar
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Table 5-1. Generalized linear mixed models testing each factors on the shell banding and
brightness of Helicostyla portei across the Polillo Group of Islands (n = 125).






Intercept 9.52 0.52 <0.000 (8.50, 10.55)
Life stage -1.80 0.70 0.009 (-3.17, -0.44) 1.00
Habitat -0.68 0.81 0.399 (-2.26, 0.90) 0.74
Island -3.93 1.09 <0.000 (-6.06, -1.81) 1.00
Habitat x Island 1.48 1.53 0.332 (-1.52, 4.49) 0.49
Shell Brightness
Intercept 81.47 3.48 <0.000 (74.65, 88.29)
Life stage -5.78 3.71 0.119 (-13.06, 1.50) 0.91
Habitat -9.94 4.27 0.019 (1.58, 18.30) 1.00
Island -16.14 7.18 0.025 (-30.21, -2.07) 1.00
Habitat x Island -8.63 8.14 0.289 (-24.59, 7.33) 1.00
*Effect sizes has been standardized on two SD following Gelman (2008)
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Figure 5-5. Section of the head of V. olivaceus representing di erent life stages (A- juvenile
gross; D- juvenile CT scan; G- juvenile x-ray; B- sub-adult Gross; E- sub-adult CT scan; H-
sub-adult x-ray; C- adult gross; F- adult CT scan; I- adult x-ray). Notice the posteriorly
orienting blunting in the dentition of the lizard from the juvenile to the adult form. Arrow
points to the tooth undergoing blunting. a- angular, ar-articular, c – coronoid, q- quadrate, s-
squamosal
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Figure 5-6. Feeding sequences of V. olivaceus as it attacked an adult H. portei snail (1a-8a-
from Polillo Island; 1b-6b from Patnanungan Island; arrows point to fragmented shells).
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